Abstract--Dioctahedral aluminum smectites from bentonite deposits in Argentina, Brazil, Czechoslovakia and Japan represent, according to the MgO content of the bulk samples, intermediate members in the montmorillonite-beidellite series. The smectite particles in these samples occur in a variety of forms such as; (a) laths and diamond-shaped units with a well developed crystal habit, (b) loosely folded aggregates with an irregular morphology and (c) flat and compact lameltae with well developed I0011 forms but with complete lack of {hk0] forms. Such lamellae have been described in two groups: the thin ones (10-50 A) and the thicker ones. Thin lamellae may give SAD spot patterns with a nonhexagonal symmetry. Lamellae having thicknesses greater than 50 A resemble a single crystal but their SAD patterns indicate that they do not have a three-dimensional periodicity.
INTRODUCTION
Smectite crystallites in the montmorillonite-beidellite series show an appreciable improvement in morphology and in crystallinity towards the beidellite endmember. This was shown by the previous investigations on the end-member beidellite from Black Jack Mine (Weir and Greene-Kelly, 1962 ) and on an intermediate smectite from Unterrupsroth (Nixon and Weir, 1957) . Three well-known smectites (Cheto, Carnp-Berteaux, and Wyoming) in the montmorillonite side of the above series were reported in Part I of these studies (Giiven, 1974) . Both the morphology and the crystallinity of these montmorillonites are not as well developed as compared to the smectites from Unterrupsroth and the Black Jack Mine. Factors affecting the morphology and the size of crystals are rather complex. There are external factors such as temperature and rate of crystallization, concentration and viscosity of the medium, and impurities. In addition, there are internal factors such as crystal structure and atomic substitutions. Tetrahedral substitutions of aluminum for silicon are suggested by M6ring and Oberlin (1971) to have an appreciable affect on the improved crystallinity of beidellite relative to that of montmorillonite. The morphology of smectite particles is an important property related to the physical behaviour of this material in its various applications in science and technology. There is, therefore, a need for a systematic approach to the description of morphological variations in smectite particles. Hopefully, this report may be an initial step in this direction because the samples described in it contain smectites occurring in a variety of forms. These smectites, according to the MgO content of the bulk samples, represent intermediate members of the montmorillonite-beidellite series.
DESCRIPTION OF THE SAMPLES
The samples were obtained through the courtesy of Professor R. E. Grim, who also provided us with a short description of their occurrences; they are specified by their catalog numbers in Grim's Bentonite Collection at Texas Tech University. X-ray diffraction data on them were obtained on oriented slides at room temperature and humidity (at a hygrometer reading of 60 per cent r.h.). Impurities in the samples were semiquantitatively estimated from the X-ray diffraction patterns.
Sample No. 245-D. Bentonite from San Gabriel Mine, Potrerillos, Mendoza, Argentina. This and the next sample (No. 365-M) are from deposits in Triassic formations in Mendoza Province. The bentonite consists ofa smectite with a basal spacing of 12"6 A. Kaolinite is the only impurity in the 0'2-2/~m (e.s.d.) fraction of the bentonite that is detectable by X-ray diffraction analysis.
Sample No. 365-M. Bentonite from La Florencia Mine, Challao, Mendoza, Argentina. The smectite is the major constituent of the sample and it has a basal spacing of 12.3 A. Kaolinite and quartz are the major impurities in the 0-2-2/an fraction of the sample.
Sample No. 255. Bentonite from Minas Gerais, Brazil. The deposit was formed by decomposition of volcanic ash of Cretaceous age and occurs in a freshwater limestone sequence. The sample is a relatively pure smectite with a basal spacing of 14-3 A. It contains about 5-10 per cent biotite, and 5-10 per cent 187 kaolinite as impurities in the -2 #m fraction of the sample.
Sample No. 267-1. Bentonite from Southeast of Hojun Mine, Gumma Prefecture, Japan. The deposit most likely was formed by devitrification of volcanic ash and tuffof Miocene age. The smectite is the major component of the rock, and it has a basal spacing of 12.6A. Cristobalite is present in large amounts in the sample; even the clay fractions (-2 pm) contains about 30 per cent cristobalite.
Sample No. 268. Bentonite from Usui Mine (Shiraishi Co.), Gumma Prefecture, Japan, This smectite has a basal spacing of 12.7 A and it is the major constituent of the sample. Cristobalite is also present in large quantities. The -2 #m fractions of the sample consist of about 40 per c~nt cristobalite.
Sample No. 286-C. Bentonite from Kuzmice, East Slovakia, Czechoslovakia. It is believed to have formed by alteration of tuffaceous material ranging in composition from andesites to fairly acidic rocks of Tertiary age (Konta, 1957) . The same author also gives a detailed study of the sample. The smectite has a basal spacing of 14.8 A. There are large amounts of cristobalite in the sample. The clay fraction (-2 /gn) contains about 3040 per cent cristobalite and 5-10 per cent kaolinite. 
Extractable cations
Cations (Ca, Mg, K, Na) extractable from the bulk samples by the NH~acetate method (Jackson, 1956) have been determined by atomic absorption spectroscopy. They are listed in Table 1 Extractable Mg calculated as NgOI of the sample ~eight at llO~ + Ngo content is for the total fraction -2 ~m and the value in parenthesis is obtained after the correction for 5~ biotite in the sarc~)le. Tae basal spacing of the smectite in the -2 um fraction in an alr-dried state is 14.3~, becomes obvious that calcium must have been derived from impurities rather than from the smectites in these samples.
Size fractionation of the samples and their MgO contents
The clays in the samples have been separated into a fine clay fraction (-0-2 #m e.s.d.) and a coarse clay fraction (0-~2 #m) by centrifugation except in sample No. 255 where only one clay fraction (-2pro)was used. Portions of each fraction were dried at 110~ and then decomposed with HF in a teflon lined pressure bomb at 110~ H3BO 3 was added after cooling (Bernas, 1968) . Magnesium was determined by atomic absorption spectroscopy and the results are given as MgO percentage in Table 1 . The MgO content of the samples is a rather important parameter in that it gives an indication of the position of a smectite in the montmorillonite-beidellite series. The indicated position may be its actual position in the series if ferrous iron and other divalent octahedral cations are negligibly small. That this is often the case, is shown by the chemical data in the literature on this series. Ideally in montmorillonite-beidellite series, MgO content ranges from 3.65 to 0'00 per cent on the basis that the charge is 0.33 per formula unit and the sum of the oxides (SiO2 + A1203 + MgO + Na20) is 100. A survey of chemical data available in the literature shows the MgO content of the montmorillonite endmembers actually is larger than 3-65 per cent. The MgO content of the samples in Table 1 are in the close approximation of 2'0 per cent or less. These samples may therefore be considered as intermediate members in the above series with some of them being closer to the beidellite side than to the montmorillonite side of this series. ELECTRON 
OPTICAL OBSERVATIONS ON SMECTITE PARTICLES
These observations include morphological features of the smectite particles and selected area electron diffraction (SAD) analyses on them. The electron microscope grids were prepared from very dilute suspensions of the fine and coarse fractions of the samples in a 0.007 N solution of tertiary butylamine. Similarly grids were prepared from the suspensions of the Nasaturated samples. In the following electron-optical observations are described for the natural samples and differences, if any, will be mentioned for the Nasaturated samples. The electron microscope grids were shadowed with carbon--platinum (Bradley, 1959) for the purpose of thickness determinations and by gold for diffraction purposes. In order to obtain precise data on the shadow lengths around very thin particles in-focus images are preferred over the defocussed ones, at some sacrifice of contrast. The thicknesses of the particles have been measured in the shadow lengths with a precision of 4-5 A and they are given as rounded to the tens of angstroms. Various shadowing angles were used, ranging from 14 to 27 degrees. The electron-optical observations on the samples indicate the smectite particles in them occur in several morphologically distinct types. Specifically, we can differentiate between the following types of particles in the samples:
(1) Lath-shaped or L-type particles. Lath-shaped smectite particles are very common in samples Nos. 255, 267-1, 268, and 286-C. Typical laths in sample No. 255 (Minas Gerais, Brazil) are shown in Fig. l(a) . The long unit in the center of the figure has lateral dimensions of 4"0 x 0-5 ~rn. The long straight edges are not sharp but gently curved, and they seem to have formed by folding of thin lamellae on themselves. The SAD patterns in Fig. l(b) was obtained from the lower part of the lath in Fig. l(a) and it reveals the presence of three sets of spots as if three crystals were rotated with respect to each other. This part of the lath has, however, the appearance of a single crystal. The multiple sets of spots in this SAD pattern therefore seem to be caused by the back-folding of a thin lamella. A similar situation is shown in Fig. 2(a) for a lath from sample No. 267-1 (Hojun Mine, Japan). The SAD pattern in Fig. 2(b) indicates the presence of two sets of spots as if two crystallites were rotated about 30 ~ with respect to each other. The hinge lines along which folding occurs do not seem to have any definite crystallographic direction. The ends (i.e. short edges) of the laths as seen in Fig.  3(a) for a lath from sample No. 255, are not regular. The thin layer appearing on the surface of the lath in Fig. 3(a) has a thickness of 20 A. This electron image of the lath, at an original magnification of about 100000X, again shows the gentle curving along the long edges; the folding of the thin lamellae does not seem to cause a brittle fracture along the fold line. Folding of thin lamellae into remarkably regular forms also is seen in Fig. 3(b) in sample 286-C (Kuzmice, Czechoslovakia).
Although the laths formed by folding of thin lamellae are common, there also are laths with sharp long edges without any folding along them. Such a lath is shown in Fig. 4(a) from sample No. 267-1. Because there is no folding along the edges, the thickness of the lath can be determined from the shadows; it is about 20 A. The SAD pattern (Fig. 4(b) ) of this lath displays six equally strong reflections; these are 02, 11 and IT reflections and all the other spots, including the 33 and 06 reflections, are very weak or missing. The hexagonal symmetry of the SAD pattern cannot be explained by any stacking sequence of the layers in the lath because it has a thickness of two layers. The SAD patterns in Figs. l(a) and 2(b) from the other laths have similar properties. They show the predominance of 02, 11 and 1T spots, which are equally strong. The observed hexagonal symmetry of these spots, even for a 20/~ thick lath, suggest a domain structure in the laths where domains within a layer are related to each other by 120 ~ or 60 ~ rotations. Some of lath-shaped units in the sample No. 267-1 seem to form by tearing of thin smectite layers as shown in Fig. 4(c) .
(2) Euhedral lamellae or E-type particles. These particles occur in form of lamellae having polygonal outlines. The regular outlines of the lamellae are related to the presence of well-developed {hk0} forms in addition to the basal ones. These lamellae are often in form of diamonds as seen in Figs. 5 and 6(a). Sample No. 268 (Usui Mine, Japan) has a large number of diamond-shaped particles in the coarse clay fraction. These particles range in thicknesses from 20 to 60/~. The superposition of the diamond-shaped lamellae in Fig. 6(a) , sample No. 286-C, is rather interesting. It resembles the spiral steps observed for crystal growth with screw dislocation mechanism. The individual lamellae have a thickness of 30 •. SAD of the entire assemblage gives a spot pattern like a single crystal, as shown in Fig. 6(b) . This suggests that the individual lamellae have a strict crystallographic orientation with respect to one another, as expected from the growth steps mentioned previously. The SAD pattern has again predominantly 02, 11 and 1]-spots of equal intensities. In fact, this feature of the SAD pattern is the only indication that these particles are probably smectites and not other layer silicates.
(3) Irregular aggregates or A-type particles. Many smectite particles are in the form of rather loosely folded aggregates with an irregular outline and surface topography. Such an aggregate is shown in Fig.  7 (a) from sample No 245-D (San Gabriel, Argentina). Such aggregates are present in various amounts in all the above samples. As seen in Fig. 7(a) , many thin smectite layers are rolled up into acicular-looking :units in such aggregates. The SAD pattern of the aggregate is shown in Fig. 7(b) ; it displays uniform hk rings, with the 02, 11 ring being much stronger than others.
(4) Subhedral lamellae or S-and H-type particles. These particles occur as lamellae with irregular outlines. The basal forms are well-developed; only a few display minor wrinkles on their surfaces. The {hk0} forms, however, are not developed and the outlines of the particles, therefore, display irregular edge s . Such particles may be conveniently discussed in two groups: The very thin ones, or S-type particles, and thicker ones, or H-type particles:
(a) S-type particles, as shown in Fig. 8(a) (No. 365-M, La Florencia Mine, Argentina) and in Fig. 9(a) (No. 245-D, San Gabriel Mine, Argentina), have thicknesses below 50 A. This type of particle is, in fact, very common in the above two samples in their natural state. They can, however, be easily obtained in the other samples by special pretreatments described below. The SAD patterns of these particles are given in Figs. 8(b) and 9(b) for the particles shown in Figs. 8(a) and 9(a), respectively. They display a spot pattern with a distinctly non-hexagonal symmetry. In these SAD patterns the 02, 11 and 1]-spots are again the predominant reflections and all the other spots are very weak or practically missing. The intensity relationships between 02, I l, and 1]-spots in Fig. 9(b) shows that I02 is very strong while the Ill and I~T are equally weak. The observed intensities of these spots are similar to those observed for Black Jack Mine beidellite by Gtiven and Pease (1974) . The relative intensities of 02, 11 and 1]-spots are not consistent for all the thin particles, even in the same sample; the relationship lo2 < Ill <IiT is observed in Fig.  8(b) . If the sample is subjected to special dispersion procedures, such as boiling with 5 per cent Na2CO 3 and subsequently with Na-citrate-dithionite (Jackson, 1956 ), these thin particles are increased in number. Apparently the dispersion procedure dissolves amorphous silica, alumina, and iron oxides which may be cementing the smectite layers. After such treatment one can find even 10 A thick layers. The SAD diffraction properties of these thin flakes with single layers are very similar to those shown in Figs. 8(b) and 9(b); they consist of non-hexagonal spot patterns where 02, 11 and ]-I reflections dominate and the other reflections are very weak or missing.
(b) H-type smectite particles have a thickness ranging from 50 to a few hundreds of angstroms. They are very similar in morphology to a compact platelet of a single crystal, but their SAD patterns show that they are not single crystals. Such particles are shown in Fig. 10(a) The hexagonal symmetry of the above SAD patterns can be interpreted in terms of a domain structure, mentioned above, or by stacking disorder. In the case of a stacking disorder, the H-type particle is considered to represent a superposition of S-type smectite crystallites or of single smectite layers. In the following, the discussion will be given in terms of single smectite layers. If, in this superposition, the [02] direction of one layer is kept common in all the subsequent layers or if any other regularity in the stacking is observed, a three-dimensional period-' icity will be established. Instead of that, the [11], [11] ,
[02] directions seem to be equally preferred. Arcing of the spots suggest that these directions are approximately established. Thus the H-type particles do not achieve a three-dimensional periodicity but an aggregation of two-dimensional layers with a preferred orientation along the above directions. This is about the highest degree of crystaUinity that thicker smectite platelets seem to possess in these samples.
Li+-test on the samples
The expansion behaviour of the glycerol complex of pre-heated Li---smectites has been suggested by Greene-Kelly (1953) to provide a practical method for distinguishing between montmorillonites and beidellites. The samples were subjected to the Li+-test at 200~ and the results are given in Table 2 . According to Greene-Kelly's conclusions the results suggest that; (a) all the samples are beidellites, (b) the position of the second basal reflection at around 9-04)-2 , &_ exclude the possibility of a mixed-layering and (c) there is no additional 9.6 A reflection and hence no separate montmorillonite phase. The data obtained by various investigators on the Li+-test (see Brindley, 1966 , for a review) and recent experiments on it (notably those by Glaeser and M6ring, 1971) suggest that the behaviour of montmorillonite is more complicated than originally stated by Green-Kelly (1953) . Under these circumstances no specific interpretation of the data in Table 2 are made and only the results of the Li+-test on the samples are given.
CONCLUSIONS
Dioctahedral smectites from bentonite deposits in Argentina, Brazil, Czechoslovakia and Japan represent, according to the MgO contents of the bulk sampies, intermediate members in montmorillonite-beidellite series. The smectite particles within a sample occur in several morphologically different forms. A separation of these morphologically different particles is not observed in the fine (-0"2/2m) and in the coarse (0'2-2-0 #m) fractions of the samples with the exception of sample No. 268. In sample No. 268 particles with well-developed crystal habit (L-and E-type) are concentrated in the coarse fraction. The MgO contents of the samples are, however, significantly higher for the fine fractions than the coarse fractions. This condition may well be related to the increased amounts of cristobalite in the coarse fractions of several samples, as suggested by the X-ray diffraction analyses. The above observations raise the question as to whether the smectite particles in a given sample represent different morphologies of the same intermediate phase in the montmorillonite-beidellite series or that they belong to different members in the same series and the sample is a mechanical mixture of them. A satisfactory answer to this question requires the attachment of an X-ray analyzer into the electron microscope so that at least partial chemical composition of the single smectite particles can be determined.
The SAD patterns of the smectite particles in the above samples display the predominance of the 02, 11 and 1T reflections, with all other reflections being rather weak and absent. A similar situation was Fig. 1 (a) . Lath-shaped smectite particles in sample No. 255 with typically curved long edges.
(b) The SAD pattern from the lower part Of the long lath in Fig. l(a) . observed in SAD patterns of Black Jack Mine beidellite and it was attributed to the bending of the particles (Giiven, 1974) . L-, E-and H-type particles display a spot SAD pattern with a hexagonal symmetry; S-type particles, however, show monoclinic or triclinic symmetries. Some of the lath-shaped units seem to be formed by back-folding of very thin layers in a remarkably regular manner. The b-dimensions of the morphologically distinct smectite particles, as obtained from the SAD patterns, do not show any significant differences. This is, of course, expected as the b-dimension of the beidellite (8-99 A for the Black Jack Mine sample) and the b-dimensions of montmorillonites (8.95-9.00A) are very close to each other.
